Abstract: Loss to follow-up in cohort studies may result in biased association estimates. Of 61,895 women entering the Danish National Birth Cohort and completing the first data-collection phase, 37,178 (60%) opted to be in the 7-year follow-up. Using national registry data to obtain end point information on all members of the cohort, we estimated associations in the baseline and the 7-year follow-up participant populations for 5 exposure-outcome associations: (a) size at birth and childhood asthma, (b) assisted reproductive treatment and childhood hospitalizations, (c) prepregnancy body mass index and childhood infections, (d) alcohol drinking in early pregnancy and childhood developmental disorders, and (e) maternal smoking in pregnancy and childhood attention-deficit hyperactivity disorder (ADHD). We estimated follow-up bias in the odds or rate ratios by calculating relative ratios. For all but one of the above analyses, the bias appeared to be small, between Ϫ10% and ϩ8%. For maternal smoking in pregnancy and childhood ADHD, we estimated a positive bias of approximately 33% (95% bootstrap limits of Ϫ30% and ϩ152%). The presence and magnitude of bias due to loss to follow-up depended on the nature of the factors or outcomes examined, with the most pronounced contribution in this study coming from maternal smoking. Our methods and results may inform bias analyses in future pregnancy cohort studies. (Epidemiology 2011;22: 815-822) 
L
ifecourse cohort studies aim to follow individuals from conception into late adulthood and can thus contribute to understanding how health status may be affected by causes interacting over the span of life. Events that occur during fetal life and early childhood can be recorded nearly as they happen, reducing recall errors, improving accuracy, and making differential misclassification unlikely for later endpoints. Such studies may collect a broad spectrum of information on all subjects at baseline, providing a rich source of data for research.
Unfortunately, loss to follow-up may be substantial and can result in biased association estimates if follow-up is related to both the exposure and the outcome in a given analysis and if proper adjustment is not made. 1 This bias may occur even if losses are marginally independent of exposure and outcome; bias is not identifiable unless the relative within-cell losses across exposure-outcome categories are known. 2 We estimated follow-up bias for selected exposureoutcome associations in a large, ongoing, lifecourse cohort study. We studied associations between constitutional, behavioral, and sociodemographic characteristics and childhood outcomes of varying severity, which we expected to produce loss from different mechanisms.
METHODS
The Danish National Birth Cohort is a nationwide cohort study that, between 1996 and 2002, recruited just over 100,000 women during early pregnancy (n ϭ 100,419 pregnancies; fewer than 100,000 individual women, as some women had more than 1 pregnancy in the cohort). 3 Information regarding the cohort's aims, structure, and progress can be found at the study website (http://www.dnbc.dk) and in several publications listed there. Briefly, the aim was to assemble a large database of information about early life exposures (conception to early childhood) that may influence risk of disease across the lifecourse, as well as contextual information regarding lifestyle choices, socioeconomic factors, dietary intake, and emotional and mental states to aid in accounting for systematic biases. Women enrolling in the birth cohort agreed to complete 4 computer-assisted telephone interviews and a food-frequency questionnaire at 25 weeks' gestation, and to give two blood samples during pregnancy and cord blood of the newborn at birth. In addition, women agreed to be invited to participate in subsequent data collection waves throughout childhood. The children born into the cohort will be given the opportunity at their 18th birthday to continue participation.
As part of the consent process, women were assured that they were free to leave the study at any time, and they were encouraged not to enroll if they were in doubt about staying for the duration of the study. When their children turned 7 years of age, participating women were invited to complete a self-administered questionnaire. This follow-up phase concluded in June 2010 when the last children born in the birth cohort reached the age of 7. The response rate at 7 years was 60%-65%. Women who did not participate in the 7-year follow-up did not necessarily leave the birth cohort permanently, and will be invited to participate in subsequent data collections. Fewer than 0.5% have formally withdrawn from the birth cohort.
Information in several national administrative registries has been linked to cohort-study participants through Danish personal identification numbers (Central Person Register numbers). 4 From the National Medical Birth Registry, information on maternal age, pregnancy-related smoking status, birth date, sex, birth weight and length, parity, and multiple births has been extracted. 5 The National Hospital Discharge Register contains data on all hospital admissions, and (since 1995) information on outpatient and emergency room events. 6 Variables include the date and type of hospital admission and up to 20 diagnoses for each admission (both primary and secondary) according to International Classification of Diseases (ICD-10) codes. At regular intervals, the birth cohort is linked with the National Hospital Discharge Register, providing outcome status for subjects in the birth cohort. This information allowed us to estimate exposureoutcome associations for all birth cohort participants, not just those who participated in the 7-year follow-up.
The Figure illustrates the flow of study participation, study selection, and losses in our study. Of the 100,419 birth cohort-enrolled pregnancies, the first interview was conducted for 92,889 (93%) and these were considered eligible for the baseline cohort of the present study. We then excluded all spontaneous and induced abortions and stillbirths (n ϭ 3646; 4%), all subsequent births after a woman's first liveborn birth in the cohort (n ϭ 8720; 9%), and all multiple births (n ϭ 1899; 2%). Of the remaining 78,581 singleton live births, the baseline population for the present study consisted of the 61,895 children who were born by 28 March 2002 and were invited to the first wave of the 7-year follow-up.
Within the baseline population, we identified children whose mothers completed the 7-year follow-up (n ϭ 37,178). Thus, there were 24,717 mothers who were invited to participate when the child was age 7 years but who did not respond (hereafter called lost to follow-up), leading to a participation rate of 60%.
We studied loss to follow-up by comparing exposureoutcome associations in the baseline population with those in the follow-up participant population. We chose 5 exposure-outcome associations, each of interest in previous literature and thought to involve different selection mechanisms: (1) Small-for-gestationalage at birth (SGA) and childhood asthma, 7 (2) assisted reproductive treatment (ART) and hospital utilization rates during childhood, 8 (3) prepregnancy body mass index (BMI) and childhood infections, 9 (4) maternal alcohol consumption and childhood disorders of psychologic development, 10 and (5) maternal smoking in pregnancy and childhood attention-deficit hyperactivity disorder (ADHD).
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Outcome data were obtained from the National Hospital Discharge Register by linkage with the birth cohort. The following variables were binary: asthma (ICD-10 codes J45, J450, J451, J458, and J459), infection (ICD-10 codes A09, G00-G03, H10, H60, H65-H66, J00-J06, J35, J10-J18, J20, K35-K37, N10-N12, N30, L00-L08, and M00-M03), psychologic developmental disorders (ICD-10 codes F80-F89), and ADHD (ICD-10 codes F90 and F98). Hospital utilization was defined as the total number of hospital encounters (inpatient, outpatient, and emergency room) listed for each child in the National Hospital Discharge Register. The number of hospital visits per child was divided by the person-time measured from birth to the end of follow-up to construct a hospital utilization rate.
The exposure variable SGA was defined as birth weight less than the 10th percentile for sex and gestational age, using the reference table suggested by Kramer et al. 12 The variable for assisted reproductive treatment was constructed using responses to a question posed in the first interview to women who planned to become pregnant (and so were not taking contraceptives). If women responded positively to the question, "Were you treated for infertility prior to this pregnancy?" they were considered exposed to ART. Prepregnancy BMI was calculated from Interview 1 (prepregnancy) weight (in kg) and height (in m) as kg/m 2 . Alcohol consumption was taken from Interview 1 pertaining to drinking during the pregnancy; the possible responses were as follows: (1) no drinks, (2) less than 1 drink/week, (3) 1 or more drinks/week.
The National Medical Birth Registry collected categorized information on maternal smoking in pregnancy. Using this information and specifying category values in terms of average packs per day (assuming 20 cigarettes/ pack), we coded smoking as a continuous variable according to the schedule shown in Table 1 . Pack-per-day category codes were assigned before examining follow-up participation rates.
Preterm birth was categorized as very preterm if a liveborn child was delivered at fewer than 224 completed gestational days (Ͻ32 weeks), preterm if delivered at 224 -237 days (32-33.9 weeks), late preterm if delivered at 238 -258 days (34 to 36.9 weeks), and term if 259 -315 days (37-45 weeks). Socio-occupational status was based on information from the first interview and defined according to the mother's and father's most recent job (or type of education, if still in school). Those in managerial positions or attending higher education were categorized as "high," office or skilled workers and those in military service were classified as "medium," and unskilled or unemployed workers were classified as "low"; we used the highest status within the couple. 13 We tabulated the marginal frequencies comparing the baseline, follow-up, and lost-to-follow-up populations. Due to the use of registry data for the study endpoints, as well as computer-assisted telephone interview methods for baseline covariate data collection, missing information was kept to minimal levels; 0.3% was missing for smoking and for preterm birth, 0.4% for SGA, 1.7% for prepregnancy BMI, and 4.3% for socio-occupational status.
To compare the exposure-outcome associations in follow-up participants and in the baseline population, we first carried out regression analyses of each of the exposure-outcome pairs in each of these populations. To take into account that follow-up participant children were, on average, born into the cohort earlier than those lost, indicators for follow-up time (7 years, 8 years, etc) were added to all regression models except for the relationships between ART and hospitalization. For these analyses, log follow-up time was used as an offset in the Poisson regression. As our goal was not to examine the causal mechanisms of these previously studied relationships, the models were kept fairly simple with minimal covariate control, chosen with guidance from published studies.
To estimate bias due to loss to follow-up, the adjusted relative odds ratios (relative OR) for SGA-Asthma, BMIInfection, Alcohol-Developmental Disorders, and Smoking-ADHD were calculated as follows:
adjusted OR follow-up /adjusted OR baseline For ART-Hospitalization, the adjusted relative rate ratio (relative RR) was calculated as above, substituting rate ratios (RRs) for odds ratios (ORs). These relative ratios are equivalent to selection bias factors, which are cross-products of participation. 14, 15 The association measures in the baseline and follow-up participant populations are highly dependent on each other, which complicates testing and estimation. We therefore employed a nonparametric bootstrapping method to construct confidence intervals (CIs) around each ROR. After resampling (with replacement) the baseline cohort of 61,895 5000 times, the ln(ROR) in each replicate was calculated as the difference in exposure coefficients from the baseline and follow-up participant populations. A 95% bootstrap interval was constructed around the bias-corrected ln(ROR) estimate 2 ⅐ ln(ROR) observed Ϫ mean(ln(ROR) replicates using the standard deviation of the ln(ROR) replicates to estimate the standard error. 16 To describe the relationship between each study covariate and participation in the 7-year follow-up, participation patterns were analyzed using logistic regression of loss to follow-up on study covariates, both unadjusted and adjusted for the other model-specific covariates. When using hospitalization count as a predictor of loss to follow-up, counts above 100 (0.15% of the cohort) were shrunk to 100 to minimize the influence of outliers. We evaluated whether there was increasing loss to follow-up with increasing smoking (in packdays) using logistic regression of loss to follow-up on smoking (smoking in units of a 1-pack-per-day increase). We further investigated this association by computing risk ratios that compared the loss to follow-up risk in each level of smoking with loss to follow-up risk in nonsmokers.
The study was approved by the Data Inspectorate in Denmark. All analyses were carried out using SAS 9.1 (Cary, NC). Table 2 presents characteristics of the baseline group, the follow-up participants, and those lost to followup. Follow-up participants were, on average, slightly older than those lost (63% of follow-up participants were 30 years or older vs. 58% of those lost to follow-up). Those lost were more often overweight prior to pregnancy, from the lowest socio-occupational group, smokers (and heavier smokers) during pregnancy, and with a history of prior preterm birth or small-for-gestational-age baby. In addition, these women were slightly more likely to have reported that their pregnancy was unplanned or a first birth, or to have no one but their partners to ask for help with financial problems (data not shown). Table 3 provides the relative association estimates (ROR or RRR) comparing the odds ratios or rate ratios among follow-up participants with those in the baseline population (relative ratio ϭ 1 if the 2 ratios are equal). For SGA-asthma and ART-hospitalization, the bootstrap limits were consistent with small positive bias away from the null. For BMI infection and alcohol-developmental disorders, the bootstrap limits were consistent with small negative bias away from the null. The smoking-ADHD ROR estimate was 1.33 (95% bootstrap limits ϭ 0.70 -2.52). In our analyses, inclusion of the follow-up time indicator had no practical impact on the results.
RESULTS
The logistic regression analysis of loss to follow-up on smoking resulted in an OR per 1-pack/day smoking increase of 2.15 (95% CL ϭ 1.99 -2.33), with P value for trend Ͻ0.001. The change in lost-to-follow-up proportions with each increase in smoking (in portions of packs/day) is demonstrated in Table 4 , along with the risk ratio comparing each level of smokers with nonsmokers. There were insufficient numbers of children with ADHD or developmental disorders to separate the trend in loss to follow-up across smoking between affected and unaffected children. When considering asthma cases and noncases, the trend in cases was not as marked as it was in noncases (OR for a one pack/day increase in smoking was 1.52 in cases and 2.19 in noncases, P ϭ 0.01 for the product term between smoking and asthma). The trend in loss to follow-up between cases and noncases of childhood infection were indistinguishable (product term P ϭ 0.23).
As demonstrated in Table 5 , the addition of smoking to the separate logistic regressions of loss to follow-up on SGA, asthma, hospitalization, and infection slightly reduced the magnitude of each of their coefficients, but each remained a predictor of loss to follow-up. The addition of alcohol consumption to the above regression models did not produce changes more than 0.02 in the odds ratio estimates or their 95% limits, with or without smoking.
DISCUSSION
Covariate distributions among the follow-up participants differed from those in the baseline population, and the confounder structure may well have changed over timerelated, at least in part, to selection. The mothers who continued participation for at least 7 years were somewhat older, more likely to be in the highest socio-occupational group, and perhaps healthier (based on lower smoking and overweight prevalence and lower proportions of small or preterm babies). This is consistent with other reports on loss to follow-up. 17, 18 Because it is the child's mother/caregiver who is continuing participation on behalf of the child, loss to follow-up may be influenced primarily by maternal characteristics. In another large lifecourse cohort study of pregnant women and their offspring, loss to follow-up when children were 8 -9 years of age was associated with lower socio-occupational group and maternal smoking, 19 as in our study. There was a modest 8% higher SGA-Asthma association among the follow-up participants. The ART-Hospitalization associations were essentially identical in the baseline and follow-up participant groups as were the prepregnancy BMIInfection associations. The Alcohol-Developmental Disorders associations were slightly lower at all levels of drinking in the follow-up participants compared with the baseline population.
The smoking-ADHD association was estimated with considerable imprecision, with the ratio of bootstrap limits equal to about 3.6, compared with ratios between 1.1 and 2.0 for the other 4 relative association estimates. This is due to the rarity of hospitalized ADHD cases. Other recent studies of ADHD/hyperkinetic disorder from Denmark that have also relied on registry-based hospitalizations for ADHD 20, 21 show similar prevalences to ours. However, only the most severe cases reach the hospital, and it is possible that the selection forces we found are related to comorbidities, disease severity, or the diagnostic process.
We studied malleable lifestyle factors that could be associated with various selection mechanisms. Smoking during pregnancy is an established risk factor and may have influenced women's decision to discontinue participation. Birth cohort women in higher socio-occupational groups reported drinking alcohol during pregnancy more often than women in the lowest group. This is consistent with recent work suggesting that the highest average drinking levels occur in the most highly educated Danish men and women. 22 In our study, the women in higher sociooccupational groups may also be more likely to have had the time and resources to continue participation in the birth cohort. We did not have access to information on the number of alcohol drinks per week, however, and therefore could not examine these relationships in greater detail.
Assisted reproductive treatment, being overweight, and having SGA babies are preexisting conditions that could also 
Selection Bias in the Danish National Birth Cohort be related to the decision to continue participation in the birth cohort, perhaps by different mechanisms. The inability to conceive without assistance might have caused women to doubt their own fecundity, thus encouraging these women to continue participation in the birth cohort (the Danish name for which translates as "Better Health for Mother and Child"). High BMI may be a proxy for lower levels of education/ income and poor lifestyle and therefore lower participation. For women who gave birth to SGA babies, their concern regarding what they might have done to cause this might have motivated continued participation.
Our results address loss to follow-up in a situation where mothers know the outcome when deciding whether or not to continue participation. In some cases, knowing the outcome may prompt a woman to continue participating, so she may learn more about why a particular condition occurred in the child. In other cases, the extra time needed to care for a child with special needs may prevent a woman from continuing participation even if she so desired. Although we cannot know which of these was the predominant factor influencing the decision, we would expect to see less follow-up bias due to either of these forces when the study outcomes do not occur until later in life. Participation proportions in Table 4 suggest smoking during pregnancy was an important factor affecting followup. Baseline factors that influence loss to follow-up can produce bias if uncontrolled. 1, 2, 14 Because prenatal smoking is associated with many health-related factors and is a risk factor for many conditions, as well as a strong predictor of loss to follow-up, its control in pregnancy cohort studies over follow-up time may reduce follow-up bias as well as confounding. If any factors that affect a mother's decision to participate in the follow-up are known and adequately measured on all members of the source population, bias may be reduced by controlling for them or their surrogates in the analyses. We identified smoking as one such surrogate. In studies in which these covariates are unmeasured, other methods to account for follow-up bias will be needed 15, 23, 24 ; these methods may use estimates of relative ratios (eg, Table 3 ) as a starting point for sensitivity analysis or prior distributions.
The principal strengths of our investigation are a large sample size, nearly complete covariate information on all subjects, covariate information collected prior to the outcome occurrence, and outcomes that were registry-based, and therefore available for all subjects in our baseline population, allowing us to estimate the relation of losses to exposures and outcomes. Limitations of our study include misclassification of self-reported measures such as smoking, alcohol drinking, ART, prepregnancy BMI, and socioeconomic status. Misclassification of outcome measures can also occur with the use of registries to ascertain cases; only the most severe occurrences are presumably listed. In addition, we examined only 5 associations among all that could have been considered. Finally, we could study only those who entered the study. Our results might not extend to those who had been invited to participate but declined to join. However, an earlier Danish National Birth Cohort study found no evidence of serious bias related to the initial recruitment. 25 In conclusion, bias from loss to follow-up in a lifecourse cohort study may be quite modest for medical factors whereas for behavioral factors it may be large. In particular, maternal smoking appeared strongly related to loss and out- come. Alcohol consumption did not appear to have a large effect, although as with our other results this finding may be specific to Nordic populations. The trade-off between broad recruitment and minimizing loss to follow-up may seem to favor enrolling a subset of motivated participants who are likely to participate in the study long term. Unfortunately, the results may not then be generalizable to people who practice the most risky behaviors and may thus be in the greatest need of study. We had access to outcomes for all baseline cohort members, regardless of their eventual follow-up participation status. Our study offers support for the notions that (1) the ultimate uses of a study, especially in terms of exposures of interest, should play a role in recruitment strategies and (2) detailed measurement of high-risk behaviors may facilitate adjustment for loss to follow-up as well as control of confounding.
